Monoclonal gammopathy of undetermined significance (MGUS) is
M
onoclonal gammopathy of undetermined significance (MGUS) is diagnosed in 3% of adults at least 50 years of age and is characterized by a restricted clonal expansion of antibodysecreting plasma cells in the bone marrow (1) . MGUS evolves at a frequency of 1% per year to full-blown multiple myeloma (MM), a lethal malignancy in which dysregulated plasma cell homeostasis provokes bone marrow compromise, osteolytic lesions, metabolic perturbations, and kidney damage (2, 3) . Expression profiling analyses reveal major differences between MGUS and normal plasma cells, but the distinctions between MGUS and MM are less pronounced (4) . MGUS plasma cells display chromosomal alterations, including translocations that fuse sequences from the IgH locus to partner genes with oncogenic potential, whereas the progression to MM involves additional mutations in growth and survival pathways (5) (6) (7) . An important role for XBP-1, which is a basic-region leucine zipper transcription factor required for plasma cell differentiation and the unfolded protein response (8, 9) , is underscored by the development of MGUS and MM in XBP-1-transgenic mice (10) .
The pathogenesis of plasma cell malignancies reflects not only cell-intrinsic alterations but also the impact of host antitumor reactions. Dendritic cells and proinflammatory factors in the bone marrow may foster plasma cell accumulation (11, 12) , whereas innate and adaptive lymphocytes may effectuate plasma cell death (13) . Disease progression may be influenced, at least in part, by the balance of these competing host activities (14) . In MGUS bone marrow, CD1d-restricted invariant natural killer (NK) T cells and CD8 ϩ T lymphocytes manifest potent antitumor cytotoxicity (13, 15) . At this stage of illness, T cells specific for SOX-2, a gene product involved in stem cell self-renewal, inhibit the clonogenicity of MM precursors and confer a reduced risk of evolution toward full-blown disease (16) . In contrast, lymphocytes in MM bone marrow are functionally impaired (13, 15) . Because ex vivo manipulations overcome these cellular defects (17) , the tumor microenvironment is likely immunosuppressive, but the underlying mechanisms remain to be clarified.
Recent investigations have delineated a key role for the NKG2D pathway in immune-mediated tumor destruction (18) . NKG2D is a C-type, lectin-like, type II transmembrane receptor expressed on NK cells, ␥␦ T cells, and CD8
ϩ T cells (19) (20) (21) . Upon ligation, NKG2D signals through the adaptor protein DAP-10 to evoke perforin-dependent cytolysis and to provide costimulation. In humans, the NKG2D ligands include MHC class I chain-related protein A (MICA), the most extensively characterized member, the closely related MICB, UL-16-binding proteins 1-4, and RAE-1G (22, 23) . MICA expression in normal tissues is restricted to the thymic epithelium and scattered cells in the gastrointestinal mucosa (24) . However, MICA is commonly detected in solid and hematological malignancies (25) (26) (27) , where it may be induced as part of the DNA damage response through ataxia telangiectasia mutated (ATM), ataxia telangiectasia mutated and Rad3-related (ATR), and checkpoint kinases 1 and 2 (chk-1 and -2) (28) .
In murine models, the enforced expression of NKG2D ligands on transplantable tumors elicits immune rejection by NK cells, CD8 ϩ T lymphocytes, and perforin, whereas the administration of blocking antibodies to NKG2D enhances tumor susceptibility (29) (30) (31) (32) (33) . Nonetheless, the constitutive expression of MICA on human tumors promotes ligand shedding, which triggers internalization of surface NKG2D, impaired NK cell and CD8 ϩ T lymphocyte function, and expansion of an unusual population of NKG2D ϩ CD4 ϩ T cells with regulatory properties (34) (35) (36) (37) . The protein disulfide isomerase ERp5 contributes to MICA shedding (sMICA) through rendering the ␣3 domain susceptible to proteolysis at the cell surface (38) , although a specific role for ERp5 during tumorigenesis has not been defined.
We recently reported that some advanced melanoma and nonsmall-cell lung carcinoma patients who responded to vaccination with irradiated, granulocyte-macrophage colony stimulating factor (GM-CSF)-secreting tumor cells and antibody blockade of cytotoxic T lymphocyte-associated antigen 4 (CTLA-4) generated high-titer antibodies against MICA (39) . These therapy-induced humoral reactions antagonized the immunosuppressive effects of sMICA and augmented innate and adaptive antitumor cytotoxicity. Here, we demonstrate that endogenous anti-MICA antibodies and ligand shedding are critical determinants of host immunity during the progression from MGUS to MM.
Results

MICA Expression in MGUS and MM.
Activation of the DNA damage response is an early event during solid tumor carcinogenesis (40, 41) and may result in MICA up-regulation through an ATM, ATR, chk-1, and chk-2 signaling cascade (28) . To determine whether this pathway is engaged during plasma cell transformation, we performed immunohistochemistry for phosphorylated chk-2 (thr 68) on bone marrow tissue microarrays prepared from healthy donors (n ϭ 10) and untreated MGUS (n ϭ 20) and MM (n ϭ 40) patients. Although normal plasma cells showed minimal phospho-chk-2 staining, MGUS and, to a greater degree, MM plasma cells displayed strong reactivity that was primarily nuclear, suggesting that the DNA damage response is evoked early and then sustained during MM progression (Fig. 1 Top) . The chk-2 activation in MGUS plasma cells was associated with strong antibody staining for MICA, which was primarily surface and, to a lesser extent, cytoplasmic, in contrast to the absence of MICA expression in normal plasma cells (Fig. 1 Middle) . Notwithstanding the intense immunoreactivity for phospho-chk-2, MM plasma cells manifested only moderate staining for MICA, which was primarily cytoplasmic. This unexpected expression profile raised the possibility that MM plasma cells might shed surface MICA. Indeed, MM plasma cells evidenced strong antibody staining for ERp5, a protein disulfide isomerase linked to MICA shedding (38) , whereas MGUS and normal plasma cells were modestly reactive (Fig. 1 Bottom) .
To characterize the cell surface expression of MICA and ERp5 in more detail, we performed flow cytometry on unfractionated bone marrow samples. Consistent with the immunohistochemistry data, CD138 ϩ plasma cells from MGUS patients showed higher surface levels of MICA compared with MM patients, whereas plasma cells from normal donors failed to express MICA ( Fig. 2A) . Plasma cells and bone marrow mononuclear cells from MM patients also displayed much higher levels of ERp5 compared with normal donors (Fig. 2B) . Moreover, the up-regulation of ERp5 was associated with MICA shedding (Fig. 2C ) because MM patients frequently harbored circulating sMICA (median, 1.98 ng/ml; range, 0-16.2; n ϭ 40), whereas nearly all MGUS patients (median, 0.10; range, 0-2.18; n ϭ 25) and normal donors (data not shown) did not (MM vs. MGUS patients; P ϭ 0.001). Together, these results ϩ cells from MGUS patients displayed NKG2D levels that were equivalent to healthy donors, but MM patients with sMICA showed diminished NKG2D (Fig. 3A) . To determine the functional consequence of this reduction, we quantified NK cell cytotoxicity toward K562 cells, which is primarily NKG2D-dependent [supporting information (SI) Fig. 6 ], by flow cytometry for CD107a, a lysosomal protein that traffics to the cell surface upon granule exocytosis (42) . The lytic activity of NK cells from MGUS patients was comparable or increased compared with normal donors, whereas MM patients with sMICA manifested decreased CD107a mobilization (Fig. 3B) . The importance of sMICA was underscored by the minimal impairment of cytotoxicity in NK cells from a patient with smoldering MM (SMM) (43) who did not harbor shed ligand and maintained intact NKG2D (SI Fig. 7) . Peripheral blood CD8 ϩ cells from MM patients with sMICA also evidenced diminished NKG2D, in contrast to the normal levels in MGUS subjects and the modest decrease in the SMM patient (Fig. 3C ). These findings suggest that sMICA contributes to the suppression of innate and adaptive immunity during the progression of MM.
MGUS Patients Generate Anti-MICA Antibodies. In contrast to the deleterious effects of sMICA, anti-MICA antibodies promote antitumor cytotoxicity (39, 44) . To investigate whether these antibodies were generated during the pathogenesis of MM, we developed an ELISA with recombinant MICA protein and analyzed sera samples (Fig. 4A) . MGUS patients (n ϭ 25) frequently developed anti-MICA antibodies (median absorbance at 1:100 sera dilution, 0.156; range, 0.054-0.715), but MM patients (n ϭ 40) displayed only weak reactivity (median 0.067, range 0.038-0.13), which was minimally increased above normal donors (n ϭ 14) (median 0.049, range 0.024-0.092). The differences between the MGUS and MM patients were highly significant (P ϭ 0.0002).
To characterize the biological properties of the anti-MICA antibodies, we tested their ability to antagonize the down-regulation of NKG2D evoked by sMICA. Peripheral blood mononuclear cells from healthy donors were incubated in various sera for 48 h. MM, but not MGUS or donor, sera resulted in diminished NKG2D levels on CD56 ϩ cells (Fig. 4B ) and impaired killing of K562 targets (SI Fig. 6 ). However, the admixing of MGUS and MM sera (1:1 ratio) blocked the decrease in NKG2D expression at comparable efficiency to the addition of anti-MICA monoclonal antibodies. MGUS sera similarly prevented the reduction in NKG2D on donor CD8 ϩ peripheral blood cells exposed to MM sera (Fig. 4C) . These results indicate that the anti-MICA antibodies generated in MGUS are neutralizing, and that sMICA, but not other factors such as TGF-␤ (45), underlies the decreased NKG2D levels in MM.
To determine whether the anti-MICA antibodies also recognize the cell surface ligand, we evaluated the cross-presentation of U226 MM cells (46) . Although this line did not express MICA at baseline, ␥-irradiation augmented expression (data not shown). To optimize the analysis, however, we used retroviral-mediated gene transfer to engineer U226 cells with stable, high-level MICA expression (U226-MICA). Dendritic cells were generated from a healthy donor by culture of peripheral blood monocytes in GM-CSF and IL-4. The expanded dendritic cells were pulsed with sera-coated tumor cells, matured with LPS, and used to simulate purified donor 
CD8
ϩ T cells for 7 days. MM-specific IFN-␥ production was assessed by ELISPOT. MGUS sera mediated efficient MICAdependent cross-presentation of U226 cells, resulting in tumorspecific CD8 ϩ T cells but little reactivity to RPMI MM cells or K562 targets (Fig. 4D) . In contrast, MM sera were minimally active. These findings indicate that anti-MICA antibodies in MGUS sera effectively opsonize malignant plasma cells, which might contribute to the induction and/or maintenance of potent antitumor cytotoxic CD8 ϩ T cells during the early stages of MM.
Bortezomib Increases MICA Expression in Some MM Cells. In light of the important roles of MICA and NKG2D in MM pathogenesis, we wondered whether anti-MM therapies might impact their function. The proteasome inhibitor Bortezomib achieves potent anti-MM clinical efficacy through targeting the NF-B pathway, the unfolded protein response, and MAP kinases (47) . However, because the DNA damage response is regulated, at least in part, through ubiquitin-dependent proteolysis (48), Bortezomib also might modulate this pathway. Indeed, Bortezomib triggered the rapid phosphorylation of ATM (ser 1981) and chk-2 (thr 68) in U226 MM, but not RPMI MM, cells, whereas dexamethasone, another agent with anti-MM clinical efficacy, failed to activate the pathway in either line (Fig. 5A) . Moreover, Bortezomib stimulated the degradation of ATM in MM-1S MM cells (SI Fig. 8) , revealing a diversity of effects on the DNA damage response.
Consistent with the phosphorylation of ATM and chk-2 in U226 MM and MM-1R MM cells (data not shown), Bortezomib increased the surface expression of MICA in these lines, but not in RPMI or MM-1S cells (Fig. 5B) . In contrast, dexamethasone did not alter MICA levels in any of the lines tested (data not shown). The Bortezomib-mediated up-regulation of MICA in U226 MM cells required the DNA damage response because shRNA silencing of ATM or chk-2 blocked ligand induction (Fig. 5C ). Bortezomib also enhanced the immunogenicity of U226 MM cells because MGUS sera effectuated the dendritic cell cross-presentation of Bortezomib-treated cells as efficiently as U226-MICA cells, thereby engendering potent anti-MM CD8 ϩ T cell responses (Fig. 5D ). shRNA silencing of ATM or chk-2 abrogated the immunostimulatory effects of Bortezomib in U226 cells (data not shown), whereas the cross-presentation of dexamethasone-treated cells by MGUS sera was equivalent to untreated U226 cells, highlighting the specificity for MICA. These findings raise the possibility that anti-MICA monoclonal antibodies might potentiate the clinical activity of Bortezomib in some patients.
Discussion
The pathogenesis of MM involves the interplay of cell-autonomous perturbations in the growth and survival with host pro-and antitumorigenic reactions. Here we demonstrate that MICA functions as a link between cell-intrinsic and -extrinsic modes of MM suppression. During MGUS, the earliest detectable phase of plasma cell transformation, the DNA damage response is activated, whereupon cellular repair networks and surface MICA expression are coordinately induced. NKG2D-dependent recognition of malignant plasma cells stimulates innate and adaptive lymphocytes to mediate antitumor cytotoxicity, whereas anti-MICA antibodies antagonize nascent-soluble ligand and augment dendritic cell crosspresentation of tumor antigens. Nonetheless, during full-blown MM, the up-regulation of ERp5 promotes efficient MICA shedding, which evokes NKG2D internalization and immune suppression. Thus, stage-specific alterations in MICA activity are associated with the conversion of immune equilibrium to immune escape.
MGUS plasma cells harbor chromosomal alterations, including translocations that partner the IgH locus to various genes with transforming potential (5-7) . These translocations likely arise dur- ing class switching and/or somatic hypermutation from aberrant repair of dsDNA breaks introduced by activation-induced cytidine deaminase (AID) (49) . In murine germinal center B cells, AID triggers NKG2D ligand expression through chk-1 phosphorylation (50). The persistent chk-2 phosphorylation that we observed throughout MM progression implies that malignant plasma cells experience tonic DNA damage, which may fuel the acquisition of additional pathogenic events. Among these events, increased ERp5 surface levels are critical to the loss of immune control, and characterization of the oncogenic pathways that regulate this protein disulfide isomerase is an important goal for future studies.
The biological properties of the anti-MICA antibodies generated in MGUS patients resemble those elicited in solid tumor patients by treatment with CTLA-4 blockade and vaccination with irradiated, GM-CSF-secreting tumor cells (39) . These similarities in function raise the idea that particular antibodies might be selected for immunoregulatory capability. Surprisingly, the anti-MICA antibodies present in MGUS sera fail to inhibit NKG2D-dependent NK cell lysis of K562 targets (SI Fig. 6 ). Although this lysis might reflect the multiplicity of NKG2D ligands on K562 cells (data not shown), an intriguing possibility is that the humoral reactions do not block receptor activation despite their ability to neutralize sMICA. Identification of the epitopes targeted for immune recognition should illuminate this issue. MGUS patients manifest lower titers of anti-MICA antibodies than subjects responding to immunotherapy, which might contribute to the accumulation of sMICA upon MM progression. The basis for the loss of anti-MICA antibodies during full-blown MM requires further investigation.
Our results are consistent with a recent report that delineated high levels of sMICA as an adverse prognostic factor in patients with newly diagnosed MM (51) . Together, these findings suggest that the infusion of anti-MICA monoclonal antibodies might help restore immune equilibrium and effectuate immune control. Indeed, Bortezomib stimulated MICA surface expression in some MM cells, thereby enhancing their sensitivity to antibody-mediated dendritic cell cross-presentation. Whereas the mechanisms through which proteasome inhibition modulates the DNA damage response remain to be clarified, our studies indicate that Bortezomib might be effectively integrated with anti-MICA antibodies as a combination therapy for plasma cell malignancies.
Methods
Clinical Samples and MM Lines. Sera, lymphocytes, and tumor samples were obtained from patients enrolled in Institutional Review Board-approved DanaFarber/Partners Cancer Care clinical protocols. U226, RPMI, and MM-1R cells were obtained from the American Type Culture Collection, and the MM-1S cells were a gift of Steven Rosen (Northwestern University, Evanston, IL). MM lines were cultured in complete media (RPMI medium 1640, 10% heat-inactivated FCS, penicillin, and streptomycin) and in some experiments were treated with 5-20 nM Bortezomib (Millennium Pharmaceuticals), 10 g/ml aphidicolin (Sigma-Aldrich), or 250 g/ml dexamethasone for up to 16 h. U226-MICA cells were generated with retroviral-mediated gene transfer as described previously (39) .
Pathology. Zenker-fixed, decalcified bone marrow tissue microarrays were embedded in paraffin and sectioned at 5-m thickness. The microarrays were treated for antigen retrieval with a pressure cooker for 20 min and then incubated with 5 g/ml primary antibodies or a corresponding IgG fraction of preimmune serum in 3% BSA/PBS blocking solution for 16 h at 4°C. Antibodies used for immunohistochemistry were rabbit anti-phospho-chk-2 (thr 68) Ab (Cell Signaling Technology), rabbit anti-ERp5 Ab (Axxora Platform), and mouse anti-MICA Ab (PharMingen). The primary antibodies were then visualized with the corresponding secondary biotinylated antibody and the streptavidin-peroxidase complex from Vector Laboratories. Flow Cytometry. Peripheral blood mononuclear cells (PBMCs) and bone marrow aspirates were processed by Ficoll-Hypaque (Amersham Pharmacia) densitygradient centrifugation. In some experiments, donor cells were incubated in patient or control sera (10%) in complete media for 48 h before staining. The antibodies used were PE-conjugated anti-NKG2D mAb, FITC-conjugated anti-CD138, FITC-conjugated anti-CD3 mAb (PharMingen), PC5-conjugated anti-CD8 mAb, PC5-conjugated anti-CD56 mAb (Beckman-Coulter), PE-conjugated anti-MICA mAb (R&D Systems), and anti-ERp5 (Axxora Platform) followed by FITCconjugated anti-rabbit (Southern Biotech). Cells were analyzed with a FW501 flow cytometer (Beckman-Coulter).
Serology and Immunoblotting. Anti-MICA antibodies and sMICA levels were measured with ELISAs by using recombinant MICA protein (ProSpec-Tany TechnoGene) and anti-human MICA monoclonal antibodies (R&D Systems) as described previously (39) . The Wilcoxon rank sum test with no adjustments for multiple comparisons was used to analyze the differences among the normal donors, MGUS patients, and MM patients.
Antibodies used for immunoblotting were anti-phospho-ATM (ser 1981), anti-ATM, anti-phospho-ATR (ser 428), anti-ATR, anti-phospho-chk-1 (ser 280), and anti-phospho-chk-2 (thr 68) (Cell Signaling Technology). In some experiments, U226 cells were transiently transfected with expression plasmids encoding human chk-1 shRNA (5Ј-CAACTTGCTGTGAATAGAAT-3Ј), chk-2 shRNA, or ATM shRNA (Upstate Cell Signaling) according to the manufacturer's instructions. The efficiency of gene knockdown was 50 -90% as assessed by immunoblotting. Cellular Assays. NK or CD8 ϩ T cells were isolated by magnetic cell sorting (Miltenyi Biotech) according to the manufacturer's instructions, yielding populations that were 90% pure. NK cells were cultured with K562 cells at a 5:1 ratio for 4 h and stained with FITC-conjugated CD107a mAb (BD PharMingen). In some experiments, NK cells purified from donor PBMCs that were incubated in 10% patient sera were tested in 4-h lysis assays against 51 Cr-labeled K562 target cells as described previously (39) . The spontaneous release in all assays was Ͻ20% of the maximum.
Dendritic cells (generated from adherent PBMCs with GM-CSF and IL-4) were cocultured with opsonized tumor cells (1:1 ratio) for 20 h, matured with LPS (Sigma-Aldrich) for 24 h, and then used to stimulate autologous CD8 ϩ T cells, isolated by magnetic cell sorting, for 7 days. Antigen-specific IFN-␥ production was then determined by ELISPOT as described previously (39) .
